AND CONCLUSIONS
1. An orthodromically evoked late hyperpolarizing potential (LHP) was studied using intracellular recording techniques in rat hippocampal CA1 pyramidal cells in vitro.
2. Several tests indicated that the LHP is not blocked by GABA antagonists, but rather comprises the initial portion of the stimulation-induced burst afterhyperpolarization (AHP,) produced in the presence of these antagonists. Bath application of magnesium (Mg) or 8-bromo adenosine 3',5'-cyclic monophosphate (CAMP), or intracellular injection of ethyleneglycol-bis (P-aminoethylether)-NJQetraacetic acid (EGTA) blocked the late portion of the AHP,, at times when the early portion was only slightly or not at all affected. The late part of the AHP, was also associated with the voltagedependent components of the burst, whereras the early part was not. Both the early part of the burst AHP, and the LHP in standard saline have similar time courses and dependence on membrane potential.
3. The LHP was nullified by hyperpolarization of the membrane in extracellular potassium concentrations ([K] ,) of 5.4 mM and below and could be reversed in [K10 above 5.4 mM. The apparent reversal potential for the LHP followed shifts in [K10 as predicted by the Nemst equation and is, therefore, probably a K-dependent potential. No specific antagonist of the LHP from among several K conductance blockers was found, however.
4. An alternative hypothesis, that the LHP might be an electrogenic pump effect was not supported. Ouabain depressed the LHP; however this effect was probably nonspecific and due, in part, to a ouabain-induced increase in [K] ,. Decreasing temperature in the range 37-22OC prolonged but did not block the LHP.
5. The LHP was enhanced by increases in extracellular calcium concentration and depressed by high [Mg10 or cadmium. It was associated with a small (14%) decrease in total resting input resistance. In cells depolarized to ~0 mV, regenerative voltage-dependent potentials were blocked; however, an LHP still occurred.
6. The LHP was not found to be dependent on the excitatory postsynaptic potential (EPSP). With weak stimuli LHP and EPSP amplitudes were uncorrelated and the EPSP was more resistant than the LHP to block by high [Mg] ,. The LHP continued to occur when the EPSP was reversed in depolarized cells.
7. The LHP may be mediated by interneuronal circuitry within a slice. In GABA antagonists the LHP occasionally occurred spontaneously at regular intervals. The LHP could also have a low and sharp threshold for activation in the presence of GABA antagonists. These observations can be understood by postulating that the LHP is mediated by hippocampal interneurons.
8. At 30°C the LHP had an onset latency of 50-100 ms and a long time to peak (200-300 ms). It was markedly depressed during low-frequency (0. l-1 .O Hz) stimulation.
9. These experiments are consistent with the hypothesis that the LHP is a K-dependent synaptic potential that is mediated by release of a neurotransmitter onto pyramidal cells. INTRODUCTION An inhibitory late slow hyperpolarizing potential (LHP) has been observed in hippocampal pyramidal cells (5, 21, 29, 34, 41, 48, 49) . Similar potentials occur in cells from other parts of the mammalian central nervous system (CNS), including dentate gyrus (49), olfactory cdrtex (22), olfactory bulb (39), pyriform cortex (43), and neocortex (15) .
Previous evidence suggested that the hippocampal LHP might be either a dendritic y-aminobutyric acid (GABA)-mediated inhibitory postsynaptic potential (IPSP) (2 l), a potential caused by an electrogenic sodiumpotassium (Na-K) pump (29) or a potential due to an increased potassium (K) conductance (49) resulting from synaptic activity and, perhaps, activated by calcium (Ca) (41). Alternatively, several types of voltage-dependent K conductances exist in hippocampal pyramidal cells (4, 25, 26, 28, 30) , which might conceivably account for the LHP.
The present experiments were designed to test the hypothesis that the LHP is a synaptically generated event, to determine its ionic mechanism and some of its biophysical properties and to begin to elucidate the neural circuitry responsible for its generation. Because of an overlapping GABAergic IPSP, previous conclusions regarding the hippocampal LHP had to be qualified. A goal of the experiments reported here was to study the LHP in the absence of GABAergic IPSPs. A preliminary account of these results has appeared ( 1) . While this paper was being revised, the report of Newberry and Nicoll (40) appeared. Several of the present conclusions are in agreement with theirs.
METHODS

Experiments
were done on slices from male Sprague-Dawley rats ( 150-250 g) using a chamber and techniques that have been described (5, 42) . One 400-pm thick slice at a time was held submerged in the chamber at 30°C. Temperature was controlled by a Peltier heating-cooling module (Cambridge Thermionic) and was monitored within 1 mm of a slice by a hypodermic thermistor probe (Yellow Springs). Other slices were maintained in an incubation chamber at room temperature (2 l-22°C). The standard physiological saline was saturated with 95% 02-5% CO2 and consisted of 116.4 mM NaCl, 5.4 mM KCl, 2.0 mM CaC12, 1.3 mM MgSo,, 0.9 mM NaH2POd, 26.2 mM NaHC03, and 11 mM glucose. As noted below, the LHP is sensitive to the concentration of extracellular calcium ([Cal,) , and many of the later experiments were done in 4.0 mM CG. Increased [Cal, also stabilized the cells and raised their threshold, making it easier to obtain subthreshold responses in the presence of GABA antagonists. However, all of the experiments, except those on K channel blockers, were replicated in 2.0 mM Ca. Single cells were studied in a control saline, after switching to an experimental saline and, whenever possible, after recovery from the treatment. For switching salines a simple manually operated stopcock or multiport valve (Whitey) was used. Intracellular recordings were made with fiberfilled glass microelectrodes that contained either 2 M potassium methylsulfate (KCH$OJ (40-60 MQ measured at 135 Hz in 3 M KCl) or 2 M cesium chloride (CsCl) (30-50 MQ). Occasionally, other substances were present in the recording electrodes as described in the text. Experiments were done on more than 80 neurons (from 65 rats) in the CA1 stratum pyramidale region. Most cells were stable from 1 to 5 h. Resting membrane potentials ranged from -50 to -75 mV and total resting input resistances from 30 to 100 Ma. In some experiments with K channel blockers, it was necessary to control the membrane potential with small direct hyperpolarizing current injection (0. l-0.4 nA). Slow potential data were recorded on a pen recorder (Gould 2400) and an FM tape recorder (Vetter), and fast potentials were recorded by photographing the face of an oscilloscope or by playing back the tape onto the pen recorder. Potential measurements were made by hand. Unless otherwise noted, measurements of LHP amplitude were made at peak potential. "Null" and reversal potentials were found by passing current through the recording electrode via a bridge circuit and plotting potential amplitude vs. membrane potential. The resulting plots were concave downward, due to the rectifying properties of the membrane (28, 30). Smooth curves were fitted to the points by eye. Changes in [K10 were measured either with K-sensitive microelectrodes (employing Coming resin no. 4773 17 and fabricated according to techniques that have been described in Ref. 20) or by recording presumed glial cell membrane potentials. In some experiments, the LHP clearly reversed in the experimental saline, whereas only a null potential could be determined in control conditions. These cases will be referred to as changes in "apparent" reversal potential. Electrical stimuli were delivered via small concentric bipolar electrodes (Kopf). When given in stratum radiaturn, stimuli are referred to as "orthodromic." When given in the CA1 alveus they are called "antidromic," despite the possibility that fibers besides the CA1 axons were also stimulated. The by 10.220.32.247 on http://jn.physiology.org/ Downloaded from CA1 region receives projection fibers from hippocampal subfields CA3 and/or CA2, but because the particular subfield was not determined in these experiments, the source area will be referred to as " . A synaptically elicited burst is said to be followed by an AHP, (to denote synaptic stimulation), whereas a directly elicited burst is said to be followed by an AHPd (for direct elicitation).
Drugs used were 4-aminopyridine (4-AP), bicuculline methiodide, barium chloride (Ba), CsCl, dibutryland 8-bromo 3',5'-cyclic adenosine monophosphate, ethyleneglycol-bis (P-aminoethylether)-NJWetraacetic acid (EGTA), ouabain, (all of the above from Sigma); picrotoxin (Aldrich), sodium penicillin G (Squibb), and tetraethylammonium chloride (TEA; Eastman Kodak). GABA antagonists picrotoxin (6 X 10D5 M) bicuculline methiodide ( 10v4 M) or penicillin (2-5 mM) were used to block GABAergic IPSPs (e.g., Ref. 6) . Unless otherwise noted, LHPs in the following experiments were studied in the presence of one of these antagonists.
RESULTS
Similar LHPs are produced in the presence and the absence of GABAergic IPSPs Figure 1A represents a continuous membrane potential trace of a typical CA1 pyramidal cell's responses to antidromic and orthodromic stimulation. As emphasized in Fig. 1B by subtracting the antidromic response from the orthodromic response at 409 ms intervals. The hyperpolarizing part of this "difference potential" had an amplitude of 11 mV, a time to peak of 260 ms and a half time of decay of 320 ms. The cell in Fig. 1D was bathed in 60 PM picrotoxin and 4.0 mM Ca. A suprathreshold stimulus produced a burst potential consisting of a slow depolarizing wave and a series of fast and slow action potentials (not reproduced by the pen recorder) and a prolonged afterhyperpolarization. However, a subthreshold stimulus produced only an excitatory postsynaptic potential (EPSP) followed by an LHP (which will be referred to as a "subthreshold LHP") ( Fig. 102) . The similarities between the difference potential in Fig. 1 C and the response in Fig. 102 suggest that the orthodromic response in standard saline (Fig. 1A) is a composite potential due to the summation of an EPSP, a fast IPSP (which is like the antidromic IPSP) and a late slow hyperpolarization: the LHP.
It should be noted that the EPSP recorded in the presence of GABA antagonists may not be a unitary potential in every case. In the continuous trace shown in A an antidromically activated fast IPSP is followed, after a delay, by an orthodromically stimulated EPSP and a biphasic hyperpolarization, consisting of an early and a late phase. In B, the responses of A were overlapped and traced. Note the late hyperpolarization (LHP) that appears after the fast IPSP. In C, antidromic response amplitude was subtracted at 40-ms intervals from orthodromic response amplitude to reveal orthodromic LHP. Resting membrane potential (RMP) = -62 mV. Cell in D was recorded in 60 PM picrotoxin and 4.0 mM Ca,. After a suprathreshold stimulus (BI), which elicited a burst potential and a large afterhyperpolarization (AHP,) , the stimulus intensity was reduced and a subthreshold stimulus produced an EPSP and an LHP (B2). Notice, LHP coincides with early phase of AHP,, although it is appreciably shorter than AHP, (compare arrow heads marking return to base line). RMP = -62 mV.
Indeed, its occasional "biphasic" appearance (e.g., Fig. 9B and Ref. 53 ) and the possibility of its contamination by voltage-dependent depolarizations ( 10, 33, 5 1) suggest that it is not. However, since these distinctions do not influence the present conclusions, the depolarization preceding the subthreshold LHP will be referred to as the EPSP.
Further data supporting the hypothesis that the initial part of the AHP, and the LHP are the same are shown in Fig. 2 . Figure U illustrates recordings from a CA1 pyramidal cell penetrated by an electrode containing 2 M KCH$O,+ The cell responded to an orthodromic stimulus with an epileptiform burst potential and a prolonged AHP,. The response in Fig. U2 was recorded 7 min after switching to a saline containing 5 mM MgS04. The late part of the AHP, was reduced by Mg, but at this point in the perfusion the early phase was only slightly affected. Subsequently, high [Mg] blocked the LHP (see Fig. 9 (BI) and direct current injection (B3). After 4 min of EGTA diffusion and injection into the cell, AHP, was reduced in amplitude and duration (B2). Fast AHP, was largely unaffected while the slow AHPd was abolished. Cell illustrated in C was stimulated in picrotoxin at suprathreshold (Cl) and subthreshold (C2) intensities. Both responses were elicited again 25 min after switching to 0.5 mM 8-bromo CAMP containing saline. Notice similarity between subthreshold responses (C3 and C4) and suprathreshold response in CAMP (C2). D shows an orthodromically evoked burst response before (DI) and after (03) etrated less than 1 min earlier with an electrode containing 2 M KCH3SOd plus 0.2 M EGTA. The response of the cell to a direct depolarizing current pulse is shown in Fig.  2B3 . Four minutes later responses in Fig. 2 , B2 and 84 were recorded from the same cell. The initial part of the burst AHP, was only slightly affected while the later part was abolished (Fig. 2B3) . In Figure 2B4 the entire slow phase of the AHPd was abolished while the early phase was unaffected by EGTA. Figure 2C illustrates the effects on a single cell of 0.5 mM 8-bromo CAMP on the suprathreshold AHP, (Fig. 2 , CI and C2) and the subthreshold response (Fig. 2, C3 and C4). Both CAMP and lower stimulus intensity affected the late, but not the early, phase of the AHP,. The early phase of the suprathreshold AHP, in CAMP ( Fig. 2C2 ) appears to be identical to the subthreshold response ( Fig. 2C3 ). CAMP antagonizes Ca-dependent potentials in hippocampal pyramidal cells (38) .
The cell shown in Fig. 20 was stimulated first at the resting potential (Fig. 201) . Then a hyperpolarizing current pulse (about 1.2 nA, lasting 100 ms) was timed to coincide with and block most of the voltage-dependent components of a subsequent synaptically evoked burst (Fig. 202) . The late part of the AHP, (dotted lines) was blocked when the burst components were blocked, whereas the early part of the AHP, persisted.
The graphs in Fig. 2E represent the pairs of traces in Fig. 2 , A2, B2, C2, and 02, normalized with respect to peak amplitude and replotted. They emphasize that the early part of the AHP, follows a different time course than the 'late part. Thus the AHP, appears to consist of two major components, a late slow Ca-dependent phase associated with voltage-dependent aspects of the burst potential, and an early phase (the LHP) produced by a different mechanism.
An example of an experiment that is, in some respects, the converse of that shown in Fig. 20 is illustrated in Fig. 3 . Different numbers of action potentials were induced by varying either GABA antagonist concentration (Fig. 3A ) or stimulus intensity ( intensity also altered the number of action potentials evoked. When the intensity was decreased from 45 V (used to elicit all of the responses in Fig. 3A ) to 35 V, the number of action potentials decreased from 6 to 5 (cf. The previous data indicate that there is a strong similarity between the LHP in normal saline and the early part of the burst AHP,. If these potentials are indeed the same, then they should have the same dependence on membrane potential. Thus five cells were tested before and during bath application of 60 PM picrotoxin.
In the experiment illustrated in Fig. 4 , the membrane was polarized during 2-s constant current pulses. Three hundred milliseconds
after the onset of the polarizing pulse, a lOOms hyperpolarizing constant current pulse was delivered to measure input resistance and check bridge balance. Two hundred milliseconds after the end of this pulse, an s. radiatum (SRAD; Fig. 4 , A and C) or alveus (ALV; Fig. 4 , B and D) stimulus was given. LHP amplitude was measured 250 ms poststimulus. As can be seen in Fig. 4A , the LHP in standard saline (open circles) declined both when the membrane was hyperpolarized and when it was depolarized. The membrane resistance measured immediately before the stimulus is also plotted (filled circles). Fast GABAergic IPSP amplitudes (measured at 30 ms) are plotted for comparison (x's).
There is a close similarity between the shapes of the membrane 1-I/ relationship and the LHP amplitudes both in control ( Membrane potential (in mV; plotted on horizontal axes) was set by 2-s long constant current pulses. Membrane resistance (in Ma; plotted on right vertical axes) was measured by means of a lOO-ms constant current pulse that occurred 300 ms after onset of 2-s pulse. Two hundred ms after offset of resistance monitoring pulse, fiber stimulus was delivered. LHP amplitude (open circles) was measured 250 ms poststimulus, while in standard saline IPSP amplitude (x's) was also measured, at 30 ms poststimulus. Membrane resistance is plotted in filled circles. All records taken from same CA1 pyramidal cell. and in picrotoxin-containing salines (Fig. 4C ). Notice that with alveus stimulation there was no appreciable LHP in control saline (Fig.  4B ) (maximum amplitude <l mV), whereas in picrotoxin there was a marked LHP ( Fig.  40) with the same apparent I-T/ relationship as was present orthodromically.
Again the curve in picrotoxin mimicked the membrane I-v plot.
Ionic and synaptic mechanisms of the LHP It has been suggested that the LHP might be a K-dependent potential, since it is not blocked by changes in the transmembrane chloride gradient (4, 41, 49) . The hypothesis was further tested by determining the null or reversal potentials for the LHP (measured at 250 ms poststimulus) in salines containing various [K10 (n = 5). It is not ordinarily possible to reverse the LHP convincingly at [K10 of 5.4 mM or below, although the LHP can be nullified near -80 to -90 mV. At [K10 above 5.4 mM, a true reversal potential for the LHP can be found (Fig. 5, A and  B2 ). The slope of the regression line for the plot of apparent reversal potential vs. K, between 1 and 11 mM was 55 mV (Fig.  5BI ). The inset graph in the cells, but at least two levels of [K10 were tested on each and the combined data confirm this result. Thus the LHP seems to be a Kdependent potential.
Attempts were made to block the LHP specifically using bath application of several K conductance antagonists. Frequently, addition of K conductance antagonists to saline containing a GABA antagonist resulted in pronounced burst firing, which could obscure LHPs. To prevent this, cells were depolarized past the point at which voltage-dependent components of the burst can occur. Figure 4 indicates that the cell input resistance decreases as the membrane is depolarized from the resting potential, presumably because of a K-dependent rectification. Hippocampal cells recorded with 2 M CsCl-filled electrodes can be depolarized to high levels, probably because Cs blocks K conductances responsible for this rectification (27, 32, 33) . CsCl-filled BARIUM electrodes have impedances of 30-60 MQ and adequate bridge balance can be maintained with currents up to about 1.5 nA. When CA1 cells were steadily depolarized beyond about -10 mV, orthodromic stimulation produced a depolarization followed by an LHP, provided that GABA IPSPs were blocked. Cells could be tested briefly at these depolarized levels in the presence or absence of different antagonists and repolarized to the resting membrane potential between trials. No specific antagonist of the LHP has been found. While several agents did reduce the LHP at millimolar concentrations, interpretations were complicated by additional nonspecific effects. For example, barium (Ba) at concentrations up to 1 mM prolonged the LHP (Fig. 6 , AI and A3), whereas 2 mM Ba reversibly reduced it (Fig. 6, A4 and A5 ). However, Ba also reversibly induced spontaneous rhythmic population bursting and spontaneous LHPs could be recorded at the EPSP reversal potential (EEmp) (Fig. 6A6 ). 4-AP (100 PM to 4 mM; e.g., Fig. 6B ) (n = 5) resulted in an extreme prolongation of the LHP. The reason that the LHP was not immediately blocked by the Cs in the electrode is not known, but this may be due to a dendritic locus for the LHP conductance that is not readily blocked by Cs diffusing slowly from a somatic recording electrode. Supporting this interpretation are observations that bath-applied Cs at 3 and 5 mM rapidly blocked the LHP recorded at the resting potential with 2 M KCH3S04 electrodes (e.g., Fig. 6C ). TEA at 100-300 PM did not block the LHP, whereas concentrations of 3-5 mM reduced it in two of three cells (not shown).
Several experiments were carried out to test the alternative hypothesis that the LHP might represent the action of an electrogenic Na-K pump (29). Bath application of ouabain (5 X lo-' or low6 M) resulted in a reduction of the LHP, as previously reported (29). In the example shown in Fig. 7A , both orthodromic and antidromic responses were recorded in standard saline (no GABA antagonists present) at the resting potential (-64 mV) and near the reversal potential for the early IPSP (-77 mV). A saline containing 10B6 M ouabain was then applied for 11 min and the potentials were evoked again. In four of six cells, ouabain also initiated regular spontaneous synaptic activity in the absence of GABA antagonists (e.g., continuous trace in Fig. 7C ). Ouabain slightly depolarized all cells (3.7 t 1.8 (SD) mV; n = 6) and reduced the LHP, as well as the early IPSP (L and E, respectively, in Fig. 7A ). When measured at -77 mV, the IPSP reversed in ouabain, whereas it did not in the standard saline (compare antidromic responses in Fig. 7A ). Some of these effects can probably be attributed to an accumulation of K,, since the LHP and AHPd (4, 30) Effects of ouabain on synaptic responses. In A, both orthodromic and antidromic responses were first recorded in control saline at both resting potential (-64 mV) and near reversal potential (-77 mV) for early IPSP (E). Following 11 min of perfusion with lOa M ouabain, cell had depolarized 4 mV and both antidromic and orthodromic responses were markedly depressed. At -77 mV, early IPSP was slightly reversed and LHP was nullified in ouabain. BI: orthodromic responses in another cell at resting membrane potential (-62 mV) and at -10 1 mV, at which point LHP was nullified in control saline (left). After 25 min of perfusion with 5 X lo-' M ouabain cell had depolarized, synaptic potentials were reduced and at -10 1 mV LHP was clearly reversed (right). times for the LHP to decay from peak to the cell shown in Fig. 7B was slightly depoone-half of the distance to the base line (t& larized, and early and late responses were depressed by 5 X 10s7 M ouabain, but at the are plotted against temperature in the graph of Fig. 8A . Sample traces are shown in Fig.  hyperpolarized level (-10 1 mV) in ouabain 8B. Slight adjustments in stimulus strength the LHP was clearly reversed while it was were made to maintain the EPSP at approxnot at the same level in control saline. Comimately the same amplitude throughout. The plete data for this cell are plotted in Fig. Q10 defined by the least-squares regression 7B2. The mean apparent reversal potential line between 25 and 35OC is 2.1 in Fig. 8A . (see METHODS) for the LHP shifted from For four cells, the mean Q10 was 2.4 t 0.9. -89.5 t 3.9 to -79.2 t 2.9 mV (n = 3) and Below 22OC it was difficult to study the for the AHPd from -87.5 t 7.4 to -79. 3 subthreshold LHP, since cells were very easily t 7.4 mV in the same cells. Both shifts are induced to fire action potentials and burst significant (P < 0.05, two-tailed t test for responses. The LHP at 30°C lasts about 1 s, paired observations). Ouabain and strophanwhereas the [K10 undershoots following rethidin increase base line [K10 (monitored petitive stimulation (measured either by glial either with K-sensitive microelectrodes (n membrane potentials or K-sensitive mi-= 4) or glial cell membrane potentials (n croelectrodes) last 0.5-3 min (cf. Refs. 3, = 4) (data not shown)).
12, 45). The LHP has also been reported to be blocked by low temperature (23"C, in Ref. 29) . However, in the present experiments it was found that, while the LHP duration is sensitive to temperature, becoming shorter above 30' and longer at lower temperatures, the LHP was not blocked in the range of 22-37OC. Figure 8 illustrates data obtained from one cell when the temperature was raised to 37 O, lowered to 22O and finally returned to To test the possibility that the LHP is initiated as a result of synaptic activity, [Cal, and [Mg10 were changed. Raising [Cal, increased evoked LHP amplitudes. Figure 9A illustrates a series of orthodromic responses from the same cell as a saline containing 8.0 mM Ca was washed into and then out of the chamber. The LHP was markedly enhanced as [Cal, increased (Fig. 9A2 ) and partially recovered 17 min after returning to the stan- data from a CA 1 cell recorded at temperatures from 22 to 37°C. Slice was maintained at each temperature for 5 min and points were obtained as temperature was raised, lowered, and returned to 30°C (control). Points in Al represent times from peak of LHP to one-half of distance to base line membrane potential. Correlation coefficient (r) of least-squares regression line is -0.92 (n = 49). Sample traces from same cell taken at indicated temperatures are shown in A2. There was no consistent effect of temperature on resting potential. RMP = -63 mV. 9 . LHP is sensitive to Ca and Mg and is associated with a membrane resistance decrease. Cell shown in Al was recorded in 2.0 mM Ca,, 10 min after starting a perfusion with 8.0 mM Ca (A2) and 17 min after returning to control saline (A3). RMP = -60 mV. Control response in BI was recorded in 1.3 mM MgS04 (standard). Fig. 4B2 (Mg++) was recorded 15 min after switching to a saline containing 5.0 mM MgS04. Notice EPSP amplitude did not change in high Mg saline. RMP = -60 mV. Wash trace (B3) was obtained 20 min after returning to control saline; 60 PM picrotoxin was present throughout. Control subthreshold LHP in Cl was then preceded and followed by a lOO-ms hyperpolarizing constant current pulse (responses to pulses at resting potential illustrated in C2) as shown in C3. Response to pulse occurring at peak of LHP was smaller and "squarer" than response at resting membrane potential. In C4, same cell was passively hyperpolarized with a long current pulse and a short pulse again delivered. RP = -71 mV. dard saline (Fig. 9A3) . Similar but less marked effects were obtained for increases in [Cal, of 0.5-4.0 mM. Increases in bath [Cal, from 2.0 to 8.0 mM have no or only slight (< 10% increase) effects on the input resistance of these cells. The LHP can be blocked by high [Mglo l Figure 9B illustrates a subthreshold LHP recorded before (Fig. 9BI) during (Fig. 9B2) and after (Fig. 9B3 ) perfusion for 15 min with a saline containing 5 mM Mg (1.3 mM is standard). Notice that at this point the LHP was reversibly blocked while the EPSP amplitude was not changed. This observation is compatible with the hypothesis that the LHP is produced by a di-or polysynaptic pathway (see below). Ten mM Mg or 100 PM cadmium blocked the LHP, but also rapidly reduced the EPSP (not shown).
The LHP is associated with a conductance increase. In Fig. SC , a subthreshold LHP in picrotoxin (Fig. 9CI ) was preceded and followed by a lOO-ms hyperpolarizing constant current pulse (Fig. 9C3) . From the change in the voltage deflection produced by the second pulse, it is apparent that there is a total input resistance decrease of 35% associated with the peak of the LHP in this case. This was one of the largest peak resistance decreases observed. In four cells, 35 measurements were made (4-14 per cell) and the mean subthreshold LHP was 5.0 mV (+2.7 mV, SEM) and mean peak resistance decrease was 13.9 t 5.9%. The fall in resistance is not simply due to the membrane hyperpolarization produced by the LHP, since passively hyperpolarizing the membrane a similar amount did not decrease the resting input resistance (Fig. 9C4) .
Sensitivity to [Cal,, block by Mg and Cd, and an associated membrane resistance decrease all suggest that the LHP is synaptically generated. The experiments illustrated in Figs. 20 and 3 suggested that the LHP was not associated with preceding voltage-dependent depolarizations. Several other experiments were done to address the issue of whether the LHP itself is a synaptic potential or whether it is a secondary consequence of preceding depolarizations.
The cells shown in Fig. 10 were recorded with CsCl-filled electrodes and were depolar- . LHP is not a sequel to a preceding membrane depolarization. Cell in A was recorded with a CsCl-filled electrode and first depolarized to indicated potentials in 2.0 mM Ca, (Al), returned to resting potential, and equilibrated in a saline with 6.0 mM Ca and then redepolarized (A2). In top 2 traces of each column, EPSP was reversed and an LHP was still visible. Middle 2 traces in each column are considered ~5'~~~. RMP = -7 1 mV. Graph in B summarizes results from 3 cells in which LHPs were compared in both 2.0 and 6.0 mM Ch. In C, cell (same cell as in A) was briefly depolarized further from apparent E EBP (in 6.0 mM Ca,,) with a 100-ms current pulse. Notice slow depolarization following pulse. This figure also illustrates examples of rare cases of either an LHP not preceded by an EPSP (60) or an EPSP not followed by an LHP (6E).
ized to the various potentials while orthodromic stimuli were delivered. An LHP was visible at every potential. The preceding depolarization (seen at -15 and -11 mV in Fig. 1OAI ) was typically quite prolonged and may consist of active conductances (10, 34, 52) in addition to that of the EPSP. However, neither fast nor slow action potentials could be elicted at these depolarized levels. Indeed the EPSP could be reversed (at +6 and + 16 mV in 1OAI) and orthodromic stimulation still resulted in an LHP. Following repolarization to the resting membrane potential and equilibration of the slice in 6.0 mM Ch, the cell was depolarized again (Fig. lOA2) . In high [Cal, the same stimulus produced larger LHPs at every membrane potential. Results from three cells are summarized in Fig. 1OB . The reason that the LHP gets smaller as the membrane is increasingly depolarized beyond 0 mV is not known. A likely possibility is that the decrease in input resistance (which occurs at these levels despite the Cs in the electrode) plays a role (cf. Fig. 4 ). Other possibilities, such as activation of other voltage-dependent conductances (see Fig. 1 OC) or voltage dependence of the LHP cannot be ruled out, however. If, at the apparent equilibrium potential for the EPSP (EEPSP), the membrane was briefly depolarized further with a current pulse (Fig. lOC) , a slow depolarization followed the response but no hyperpolarization was produced.
It has been suggested that the LHP might be a secondary consequence of the EPSP (41), although, as illustrated in Fig. 9B , mild interference with synaptic transmission caused by elevated [Mg10 could block the LHP prior to affecting the EPSP. Moreover, in a given cell the LHP amplitude was not closely related to the size of the preceding EPSP. If the stimulus intensity was gradually raised, then both EPSPs and LHPs did increase in size (41). However, stimulation near threshold revealed that the sizes of EPSPs and LHPs were not well correlated. When EPSP amplitudes were plotted against the corresponding LHP amplitudes for four cells stimulated near threshold (8- . LHPs can occur spontaneously and are sometimes associated with sudden thresholds when recorded in presence of GABA antagonists. Spontaneous LHPs were recorded in cell in Al in 2 mM penicillin. In A2, a single spontaneous EPSP-LHP occurrence was recorded at faster speed. When same cell was activated orthodromically, a burst potential followed by an AHP occurred (A3). RP = -50 mV. Traces in B were recorded from another cell in 1 PM picrotoxin. Notice that while an EPSP (fast upstroke) preceded every LHP, EPSP amplitudes gradually increased while LHP amplitudes were very constant. B2 was recorded a few minutes later at a faster speed after cell had depolarized by 2 mV. RP = -52 mV. Voltage calibration for A and B is 5 mV; time calibration for Al and Bl is 10 s; and time calibration for A2, A3, and B2 is 1 s. Antidromic traces in Cl were recorded from a cell in control saline and 6 min after switching to a saline containing 10s4 M bicuculline methiodide (BMI). Responses were to 12 and 13 V stimuli. Orthodromic responses (C2) were recorded from same cell in BMI. Notice sudden onset and long latency of LHP in response to both modes of stimulation in BMI. RMP = -60 mV. [Cal, = 2.0 mM. Time and voltage calibrations apply to all traces in C.
that if both EPSPs and LHPs are produced in the distal dendrites (40), this lack of good correlation between the two could be open to other interpretations. In rare cases, an LHP could occur not preceded by an EPSP (Figs. 1OD and 11 C) and vice versa (Fig.  1OE) . Thus the LHP may be due to the direct action of a neurotransmitter.
The latency from the stimulus to LHP onset cannot usually be measured precisely at the resting potential due to the prior occurrence of the EPSP. In the few cases in which weak stimulation produced no or only a very small (<2 mV) EPSP at the resting potential (see Figs. 1OD and 11 C) , the LHP had an apparent onset latency of 125 t 50 ms (n = 8). Although these values are undoubtedly high due to the lower than normal temperatures used (30-32 "C), comparison with the latencies of EPSPs and fast IPSPs (which have onset latencies of 10 ms or less, e.g., Ref. 17) indicates that the LHP may, indeed, have an unusually delayed onset. While conduction along the small unmyelinated afferent fibers in rat or guinea pig hippocampus is slow (about 0.3 m/s; Ref. 11) the short length of the conduction path (< 1 mm in the present experiments) means that this parameter alone cannot account for more than a few milliseconds. Occult EPSPs may partly obscure the LHP onset, even when no EPSP is clearly visible at the resting potential, since LHP latencies measured with CsClfilled electrodes near &BP were 62 t 22 ms (n = 24). On the other hand, conduction through a complex polysynaptic network may also contribute to the long onset latencies seen in Certain circumstances (See DISCUS-SION).
Perfusion of a slice with a GABA antagonist can cause regular spontaneous bursting in CA1 cells (24, 46, 53) . In five CA 1 cells, spontaneous activity consisted of EPSP-LHP sequences rather than bursts. Fig. 11 , Al and BI illustrate continuous traces from two cells showing repetitive spontaneous subthreshold activity. Notice also the lack of correlation between EPSP amplitudes (fast upward deflections in Fig. 11 , AI and Bl) and LHP amplitudes (slower downward deflections).
Individual responses recorded at a faster speed show the time course of the potentials (Fig.  11, A2 and B2) . In three cells, this activity recurred for 1 S-3.5 min at a mean frequency of 0.12 t 0.04 Hz, very similar to the frequencies of repetitive spontaneous field potential bursting activity (e.g., Ref. 32). These cells had low membrane potentials (approximately -50 mV), but bursts could be evoked when the cells were stimulated orthodromitally (e.g., Fig. 1 lA3) . These observations indicate that LHPs can be triggered by circuitry that is complete within a single hippocampal slice.
To discover the minimal neuronal substrate required for LHPs to be produced, a series of microlesions was carried out on 14 slices. It was found that in small rectangles of tissue taken approximately from the CAlb region, LHPs could be elicited (data not shown). The chunks of tissue, measured with a graticle in the dissecting microscope, were 500-800 pm wide and 650-1100 pm long. Neither the alveus nor the portion of stratum radiaturn corresponding to stratum lacunosum were required for LHP production, because these areas could be removed and LHPs could still be recorded in CA1 cells. In two slices a "tail" of alveus was isolated by cutting along the alveus-stratum oriens border for 1 mm and then transecting the alveus at one end of the cut. Stimulation of this strand could also evoke LHPs in CA1 pyramidal cells.
With GABAergic IPSPs blocked, LHPs were also occasionally associated with a sharp threshold. In the left columns of Fig. 11 C are two "antidromic" (see METHODS) responses to relatively weak stimuli (12 and 13 V) in standard saline (control). When these stimuli were delivered a few minutes later to the same cell during a perfusion with 10B4 M bicuculline methiodide (BMI) the GABAergic IPSP was abolished and the 12-V stimulus produced no response, whereas the 13-V stimulus produced a large LHP after a long latency (m 100 ms), despite the fact that this stimulus did not elicit an LHP in stan- dard saline. Orthodromic stimulation of this cell also produced an LHP with a sharp threshold (Fig. 11 C, right columns) . Similar effects have been seen in five other cells.
The LHP is very sensitive to repetitive stimulation. Stimulus frequencies of 0. l-1 Hz result in depression of LHP amplitudes. The filled circles in Fig. 12 represent the means (with SDS) of responses from five experiments in which cells were depolarized, using CsCl-filled electrodes, to apparent EEpsp. The LHP became depressed ~90% after 10 pulses given at a frequency of 0.5 Hz. Recovery from the depression occurred over several minutes. Lower stimulus frequencies resulted in less depression. In four trials at 0. l-Hz stimulation, the asymptotic depression was ~60% (e.g., open circles in Fig. 12 ). These experiments were done at &BP to avoid complications introduced by co-occurrence of other potentials at the resting potential. However, it is possible that shifts in Ek resulting from prolonged holding at depolarized levels affected LHP depression. When the experiment was done at the resting potential in other cells, the 10th subthreshold LHP response to 0.5 Hz stimulation was depressed 45.9 t 18.4% (SD) when compared to the first response (14 trials on 6 cells).
DISCUSSION
The experiments reported in this paper were designed to examine synaptic and ionic mechanisms of the late hyperpolarizing potential recorded in hippocampal CA1 pyramidal cells. Comparisons between the LHP evoked in standard saline and in the presence of GABA antagonists suggested that the LHP was not blocked by GABA antagonists. Rather, the LHP appears to constitute the early portion of the synaptically induced burst AHP, occurring when GABAergic IPSPs are blocked. Weak stimulation in picrotoxincontaining saline can elicit a subthreshold depolarization and an LHP. This paradigm was used in most of the experiments in order to remove complications due to the overlapping GABAergic IPSP that occurs in standard saline.
Certain properties of the LHP can account for some puzzling aspects of a previous study (4) . For example, the distinction between the LHP and the late Ca-dependent K potential can explain why the initial part of the AHP, is resistant to intracellular injections of EGTA (cf. Refs. 4 and 47) . The AHP, in this interpretation is a composite potential, the early phase and peak amplitude of which are dominated by the LHP. The predominant component of the late phase of the burst AHP, is a Ca-dependent K potential, which is associated with the voltage-dependent constituents of the burst (Figs. 1, 20, and 3) .
The experiments support the hypothesis that the LHP is a K-dependent potential. It was not possible to reverse the LHP convincingly in the presence of normal levels of K (5.4 mM), perhaps because of the marked decrease in resistance that occurs when these cells are hyperpolarized. It is possible to reverse the LHP when [K10 is raised and its reversal potential followed shifts in [K10 quite well. The slight effects on the LHP caused by alterations in the transmembrane Cl gradient (see Fig. 1 of Ref. 4 1; Ref. 36) were probably due to changes in the overlapping Cl-dependent IPSP. This finding is consistent with previously published data that showed that the synaptically activated burst AHP, is a K-dependent potential, (4) since the LHP comprises the initial portion of the AHP,. Bath application of ammonia shifts the reversal potential of the LHP, probably by increasing [ K10 (7) .
The dependence of the LHP amplitude on membrane potential is similar to that reported for LHP-like potentials in olfactory cortical (16) and pyriform cortex neurons (43) in that LHPs decrease with both hyperpolarizations and depolarizations from the resting potential. The shape of the LHP vs. membrane potential curve parallels the shape of the membrane IVrelationship, suggesting the apparent voltage dependence of the LHP may be due, in part, to the membrane rectification. This possibility is indirectly supported by observations that with CsCl-nlled electrodes that block outward rectification, it is possible to record large LHPs in strongly depolarized cells (e.g., Fig.  10 ). However, a true voltage dependence of the LHP conductance mechanism cannot be ruled out by the present experiments.
The issue of whether the LHP is a Cadependent K potential has not been finally resolved, but this seems unlikely. It has not been possible to demonstrate unambiguously by 10.220.32.247 on http://jn.physiology.org/ Downloaded from a block of the LHP with intracellular injections of EGTA (cf. Refs. 4, 47, 48) . As noted in Fig. 2 , several treatments employing bath applications of substances that antagonize Ca-dependent K potentials also do not block the LHP. On the other hand, the possibility that the LHP is a Ca-dependent K potential due to release of Ca from an intracellular store of Ca, such as apparently occurs in Aplysia (19) and sympathetic ganglia (37) has not been eliminated.
Attempts to find a specific blocker of the LHP conductance channels were unsuccessful. Although Ba, Cs, TEA, and 4-AP reduced or abolished the LHP, interpretations were complicated by the occurrence of secondary effects. Ba and 4-AP also markedly prolonged the LHP. Galvan et al. (22) reported that an LHP recorded in olfactory cortical cells was extremely sensitive to bath application of 4-AP, being blocked at doses of l-10 PM. The finding that the hippocampal LHP is much less sensitive to 4-AP is probably attributable to presynaptic effects of 4-AP on the different neuronal circuitries in the hippocampus and olfactory cortex.
The observation that the LHP could be reversed in ouabain suggested that ouabain's effects are at least partly nonspecific, i.e., due to a rise in [IQ, caused by block of the Na-K pump, such as also occurs in Aplysia (35 The LHP is associated with a resistance decrease that is not a secondary consequence of the membrane hyperpolarization. (Previous measurements (41, 49) were made in normal saline and part of the resistance change then could have been due to the overlapping GABAergic IPSP.) As noted above, under certain conditions the LHP could be reversed (Figs. 5 and 7) . The LHP was prolonged, although not blocked, by temperatures down to 22°C. The input resistance in these cells averages 45-50 MQ and increases about 50% as temperature decreases from 35 to 25OC. Concomitant increases in the cell time constant (15) (16) (17) (18) (19) (20) cf. Refs. 13, 3 1) cannot account for the 300.ms prolongation in the half time of decay for the LHP (Fig. 3) . There is a large discrepancy between the duration of the subthreshold LHP (-1 s), and Na-K pump actions that (as measured by [K10 undershoots following repetitive stimulation) last over 1 min (3, 12, 45) . Thus, on balance, the hypothesis that the LHP is an electrogenic pump effect is not strongly supported.
When compared to the resistance decrease at the peak of the GABAergic IPSP, the typical decrease associated with the LHP appears to be small ( 14% as against about 40% for the GABAergic IPSP (18, 38a) ). However, LHP resistance measurements were deliberately made on LHPs evoked with weak stimuli in order to avoid triggering burst potentials. Probably larger LHPs and resistance changes occur with more vigorous stimulation. Taking as typical values a total resting resistance of 50 MQ, EK of -87.5 mV, a resting potential of -65 mV, and assuming, as a first approximation, that the putative LHP neurotransmitter (see below) acts by effectively switching an electromotive force and a series resistance in parallel with the resting input resistance (23), it can be estimated that a K conductance increase sufficient to account for a 14% decrease in input resistance would produce an LHP of 3.7 mV, i.e., within the range of LHP amplitudes observed. Therefore, although the conductance increase is small, it may be adequate to account for the LHPs seen.
The LHP did appear to be triggered by synaptic activity. It could be evoked with subthreshold stimuli at the resting potential. The occurrence of the LHP in cells depolarized past the EPSP reversal potential indicates that the LHP is not a sequel to a preceding depolarization. Although it cannot be claimed that the cell was isopotential in these experiments, evidence suggests that pyramidal cells are electronically relatively compact ( 13, 3 1, 50) . Since EPSPs, which are generated largely in the dendritic region (8) , could be reversed, it is likely that a major portion of the dendrites was influenced by the somatic change. The LHP could also be distinguished from somatic action potentials by preventing action potential occurrence with a strong hyperpolarizing pulse (e.g., Fig. 20) . The LHP is reportedly not blocked by intracellular injection of a local anesthetic that blocks Nadependent action potentials (49). Johnston and Brown (32) observed a slow outward current, which may underlie the LHP, in synaptically activated CA3 cells voltage clamped to zero potential in the presence of penicillin. The LHP was sensitive to [Cal, (as are other synaptic potentials in this preparation; see Ref. 18) , and was blocked by elevated [Mg] ,. The LHP was greatly prolonged by 100-300 PM 4=AP, which increases transmitter release in the hippocampal slice (14) . These data are compatible with the hypothesis that the LHP itself is a synaptically generated potential, although it remains conceivable that it could be a secondary event, occurring remotely in the dendritic tree.
Contrary to an earlier hypothesis (41), the LHP was not strongly linked to the EPSP. The LHP was reliably blocked before the EPSP during perfusion with elevated [Mg10 (see also Ref. 40) . If the LHP were coupled to the EPSP, then a good correlation between the sizes of EPSPs and LHPs would have been expected, but when threshold level stimuli were delivered repeatedly, no necessary correspondence between EPSP and LHP amplitudes was found. The differences in the blocking of LHPs and EPSPs by divalent cations may be due to the different neuronal circuits involved in producing the responses. EPSPs are largely evoked via monosynaptic pathways, whereas the LHP pathway may be di-or polysynaptic (see below).
Indirect evidence suggests that the LHP may be initiated by intrinsic neuronal circuitry within a slice. EPSP-LHP sequences could occur spontaneously at the resting membrane potential in the presence of GABA antagonists or when a cell was strongly depolarized in the presence of Ba (Fig. 8) .
Ouabain also initiated spontaneous synaptic activity consisting in part of LHPs (Fig. 7C) . Since spontaneous synchronous activity recorded in CA1 is usually found to be driven bv activity in CA2-CA3 (20, 24, 44. 53) . the occurrence of spontaneous LHPs in CA1 may indicate that this potential can be activated by activity in projection fibers from CA2-CA3 to CAl, when GABAergic IPSPs have been blocked. However, LHPs can be recorded from slices microdissected into very small chunks of tissue, so activation of long circuit loops is not necessary for their production. The spontaneous occurrence of LHPs does show that these potentials are not simply caused by exogenous stimulation of afferents to the pyramidal cells.
The sharp threshold and sudden occurrence of LHPs (Fig. 11C ) might also be explained by the circuitry of the hippocampus. The abrupt onset of an LHP in the presence of picrotoxin where none was evident in control saline is an especially striking feature. This observation may be related to the long-latency EPSPs and bursts recorded in CA1 following stimulation of afferents from CA2-CA3 to CA1 in disinhibited hippocampal slices (24, 53). These "rebound" phenomena have been attributed to a pacemaker population of cells in the CA2-CA3 region (53), which can be activated nearly en masse (provided GABAergic inhibition has been eliminated) via excitatory synaptic interconnections. An impulse of activity is then recorded in CAl. The CA2-CA3 pacemaker population can be triggered by fibers from CA1 to CA2-CA3, some of which travel in the alveus. Thus occurrences of nearly all-or-none, long-latency LHPs in GABA antagonists can be explained if it is assumed that in some cases a long recurrent loop from CA2-CA3 to CA1 is activated and has a relatively greater effect on a population of LHP-producing interneurons than on the particular pyramidal neuron recorded. However, direct evidence on this point is lacking.
The experiments reported in this paper are consistent with the hypothesis that the LHP is due to the action of a neurotransmitter on postsynaptic receptors on the pyramidal cells. The response has some unusual features. At the low temperatures used, the LHP has a very long onset latency, from 50 to 100 ms, and a long time to peak after onset (over 150 ms), whereas fast GABAergic IPSPs have onset latencies of less than 10 ms and rise to peak amplitudes in less than 50 ms in hippocampal pvramidal cells (e.g., 5, 9, 17, 2 1, 34, 40) . Finally, the LHP is very susceptible to depression during repetitive activation, as are the LHPs in olfactory (16) and neocortical (15) neurons. Perhaps some of the unusual features of the LHP (e.g., onset latency or susceptibility to depression with repetitive activation) will be explained by a more thorough understanding of the neuronal circuits involved. Nevertheless, it is doubtful that circuit effects can fully account for the very slow time course of the response, and it may be that other factors, such as slow receptor kinetics and participation of second messenger systems, are involved in the production of the LHP. epileptiform bursts are produced in the presence of GABA antagonists, seizures do not usually result. Apparently, the LHP is ideally timed to help terminate the epileptiform burst potential and prevent seizure onset (2) . It would be helpful to have a specific blocker of the LHP to test this hypothesis.
